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The one-electron oxidation by hydroxyl radicals of aromatic amines. and diamines in water was studied
using the fast-reaction technique of pulse radiolysis and kinetic absorption spectrophotometry. The fol-
}owmg compounds were examined: N,N,N1 N1l_tetramethyl-p- phenylened;amme (TMPD), p-phenylenedi-
amine (PD), N N-dimethyl-p- phenylenedlamlne (DMPD), NN . NL N1 tetramethylbenzidine (TMB), and
diphenylamine (DPA), The main initial reaction of the OH radicals is suggested to be an addition to these
compounds to give absorption spectra which absorb strongly in the visible and uv regions. These OH radi-
cal adducts decay by first-order kinetics and have lifetimes of ~5-50 usec, dependent on the pH, buffer
concentration, and the nature of the aromatic amines and diamines. They decay to give species with some-
what similar absorption spectra and extinetion coefficients, which are very long lived in the absence of oxy-
gen. The latter species are assigned to the cation radicals TMPD.+, PD.*, DMPD.+ TMB.*, and DPA-*.
The OH radical adducts and the cation radicals have acid-base properties. The pK, values of the cation
radicals TMPDH-*+, PDH.2+, DMPDH.2+, TMBH.2+ and DPAH.2* were found to be 5.3, 5.9, 6.1, 5.1, and
4.2, respectively. The results indicate that these aromatic amines and diamines can be oxidized by free rad-
icals to yield the corresponding cation radicals.

Introduction - _. amine (DMPD), N,N,N1 N tetramethylbenzidine (TMB),

The oxidation of aromatic amines in solution has been  20d diphenylamine (DPA).

studied!? by anodic electrochemistry using absorption

spectrophotometry and ESR to observe and identify the in-  Experimental Section

termediates produced in these organic redox systems. The The pulse radiolysis equipment and experimental condi-
ease of removal of electrons from the amino function makes  {jons employed have been. described.>® Single pulses of
it possible to study the oxidation reaction pathways of 93 MeV electrons and ~30-nsec duration were used.
amines; The photochemistry? and radiation chemistry* of The radiolysis of water produces

some aromatic amines, in particular NN, NI Nl_tetra- :

methyl-p-phenylenediamine (TMPD), have so far been HQ ww> €4 (2.8), OH (2.8), and H (0.6)

studied mainly in organic solvents. . ) where the numbers in parentheses are the G values (num-
Another pathway for the ox1d.at10n of aromatic amines  pop of radicals produced per 100 eV of energy absorbed).
and diamines which has not received much attention is via All experiments were carried out in the presence of 1 atm

their reaction with oxidizing free radicals. We report below of NoO) (~2.2 X 10-2 M) in order to convert the e..~ into
a study of the one-electron oxidation of some aromatic OH radicals: "
amines and diamines in water by hydroxyl radicals. The .
fast-reaction technigue of pulse radiolysis and kinetic ab- _ 8ag~ + NoO — No + OH + OH~ (1}
sorption spectrophotometry was used to generate OH radi-

' where k1 = 8.7 X 102 M~1 sec™! (ref 7). The OH radicals

cals and examine their subsequent reactions with these ? S A -
then react with the aromatic amines, as described below.

compounds. . o .
The following compounds have been examined: The H atoms formed in the radiation chemistry of water

N,N,N! N'-tetramethyl-p-phenylenediamine (TMPD), p- presumably add to the benzene ring of these compounds to
phenylenediamine (PD), N, N—dimethyl-p-phenylenedi produce cyclohexadieny! type radicals, which usually ah-
sorb in the 350-400-nm region.

- ‘ The chemicals used were the best research grade com-
(CHs)zNAQ*N‘(CHQz H2N@NH2 mercially available, and were purchased from Aldrich,
TMED PD Eastman Chemicals, K and K Laboratories, Mallinckrodt,

and Baker and Adamson. They were used without further

' N _ = purification. Diphenylamine (Eastman and Aldrich) was
H2N_QN'(CH3)2 (CH3)§NN(CH3)2 recrystallized twice from methyl alcoliol. Due to their ease

of oxidation in solution, special care was taken to thorough-

DMPD T™B ly degass the solutions before adding the amines and di-
QNO . amines. Exposure to room light and to the monitoring light
| from the xenon lamp used in the pulse radiolysis experi-
H ments was kept to a minimum. A synchronized shutter®
DPA and appropriate cut-off filters were also used.
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Figure 1. Optical spectra of mtermedla‘tes produced from the reac-
tion of OH radicals with tetramethyl-p-phenylenediamine (5 mM) in
aqueous solution, NxO {1 atm): {a) initial intermediate at pH 3.2 (O
and pH 8.0 {M); {b) second intermediate at ‘pH 3.2 {O) and pH 8.0
(®). Total dose ~1.2 krads/pulse. Insert shows AOD at 610 nm vs. -
: pH for OH adduct (A) and cation radical (I) :

' dte is suggested to be mamly the OH adduct From the sim-

ilarity of the spectrum’ of the sécénd intermediate with the
"known spectrum of TMPD + Ioss of OH- is suggested to

OH TMPD — OH ¥ TMPD + {3)

'-In acid soiutlons ' reactlons 4 and 5 are suggested (pro-
tonatmn ‘of one of: the amines only is shown, since it is not
(NOWIR whether both amlnes are protonated under these
onditions). :

_;'0H+"i?Mi>DH+ LOHTMPDHY )

- OH: TMPDH*‘ ~ OH™+ TMPDH2* . {5)

The. absorbances of the mltiaI and the second intermedi-

tes iwer "measured at 610:nm as a function of pH. Titra-

ion cuives are observed, from which pK, values of 6.2 and

'for_the OH addiict and the cation radical, respectlvely,'
4t be’ derwed (seé insert Figare 1). This shows for the first

irie the a(:1d-base propertles of amine cation radlcals

‘oH .MPDH*‘ —OHTMPD + B pK, =62
MPDH”—*TMPD*-{»H* . pK.=53

onstants of reactions 3 and b were determlned .
and are found to be’ ~8 0 X 10* and ~1.0 X 105

_-:tmn of the buffer used _
el -the formatmn of TMPD + from the oxida-

or 'tlon spectrum of TMPD-* and its extinction coeffi-
ients with those given in-the literature.!® For the 610-
20 giiit] ‘band; ¢ values in various organic solvents ranging
rom ;1 .t0:2.0° X104 M~ cm~' have been reported.}? In
is” Work ‘aneg1y of 1 2% 104 M1 cm‘l {Table II) was
__:found inwaters o
"f—Phenylenedzamme (PD) The reactlon of OH radicals
. : with p-phenylenediamine (pK, = 3.3 and 6.1) gave rise to
'coeff:ments in the v1slble regmn " intermediates which changed with time, as well as with pH
The: foliowmg chamsm 18 suggested: the OH: adlcais_-. (see Figure 2 and Table 1I). The sequence of reactions oc-
Jradd to TMPD either to th :aromatlc rmg" or: to, the, N- 'currmg are smular to those described above for TMPD:
;. amine groups. Addltlen to ‘the ring;can occur at elther anw _
or § position to. ‘the ‘amineé; From the. sm:ulanty of the spec- .~ 7 " “OH'+ PD -~ OH: PD — OH- + PD-* . 6)
. tra’of the initial. and final mtermedlabes One: cannot differ- = .'OH +PDH* — OILPDH* — O~ 4+ PDH-2* o
“entiate’ hetween the. different possibilities. The' addition - - -
reactlon 1s represented by’ reaction 2.The initial intermedi- .
OH + TMPD - OH TMPD @  PDHA*=PD++H* pKa =59

B oped ~20—3O use afte _th puls ar verys _ _
: al n of the observation) so

OHPDH* = OH.PD + H* pKa =59
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3 Acid form :

‘Bage form’

Amine?® (radlcal) A . € A

max

€ (radlcal) A

R e TMPD . . 62 335 2.0x10° 340
ot o .. BN . . 565 T4 %108 570
EE R e ' : 610 8.2 % 107 610

PD (3.3, 6.1) 5.9 325 1.4 x10* 325
455 4.8 x 107 460

480

DMPD .. 330 9.0x10° _
510 - 3.0 % 1(Q? 515
560  3.0x10° 560

adduct. From the sim-. TMB*

ntermedlate with the

DPA (0.8) 42 335 . 1.6x10¢ 325
S 670 . B.0x10° 670
675

-+ ) _ (3)'_3._

_ahti 5 are su.ggested (pro-. '
onlyis 'shown, since it is not-
are ‘protonated under these.

: .. 3 TABLE III Rate of Formatlon of Radlcal Catmns from
;.- the Decay of the OH Radical Adducts to Aromatic
: -Ammes and Diamines in Water

'2.3x100 5.3 - 330  25%10'. 335

:-OH'+'TMPDH'+—-OH-TMPDH+-- W

_OH. TMPDH+ >OH- +TMPDH2* .~ (5) S _ Wavelength . .0
K Amine® . pH monitored, nm %, sec
Th absorbances of the initial and the second 1ntermed1-' RS —
ates were measured at 610 nm as a function of pH. Titra: - TMDPD 3.2 370: 610 T1.0 %105
tion etirves ‘are observed, from which pK, values of 6.2 and S 8.0 610 8.0 x 10t
5 3:for the. OH adduct and the cation radiecal, respectively, PD- 3.5 370 . 3.0x1¢0°
' & derived (seé insert Figure 1). This shows for the first TR I i B 370; 480 6.0 x 104 -
time, he ac1d—base properties of amine cation radlcais, L DMPD 3.2 545 6.0 x 10"
0HTMPDH+ 0HTMPD+H+ . pK.=62 e 8.0, 850 5.0 x 10¢
A PR TMB: = - 3.6 475: 1.0x10% -
TMPDH2+~TMPD++H+ o pKa.=53 Tl 9.2 450 . 2.0x10%
. . :
Fhe rat' constants of teactions 3 and 5 were determmed 3.0 320 1.0 x10

9.0 320 2.0 x 10%

.Table_III" and are’fotind to be ~8.0 X 10% and ~1.0 X 102
' espectively This small difference may not be sxgmf—
ant, ahd may be dependent on the nature and concentr
‘tion'of the buffer used.: :

1 SUPPOor :of the formatxon of TMPD + from the 0x1d

“valies in various organic solvents rangin
2 0 X 104 M 1 em™! have been reported 10

=
&
poOIX 2 ')

- 030

Op ical spectra of.intermediates produced from the reac-
als ‘with-p-phenylenediamine (2 mM) in aqueous solu-
a):initial infermediate pH 3.2 (03} and pH 8.0 (@)
nte|rme iate: at pH. 3! 2 {0) and pH 8.0 (@). Total dose
/Bulse. :

OHfPDH* == 0OH.PD + H* pKa = _5.9._
@ . PDHSH—PDHEHY . pK,=59

AR
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8.1 x10° . 565 © T.8x10%  “B70°
1.2 x 10" 610 8.6x10% 612 10
1.7x104 . 59 325 1.3 x10% 325 TEX 10t

7.8 % 1¢¢ 455  4.7x10° 460  7.1x10%
6.4 x 10% 480 4.0 x 103 480 5.8x 103
6.1 330 1.2 % 104 -
5.4 % 10° 515 7.3 %108 515 5.2 % 103
5.2 % 103 560 6.3 x 108 560 5.5 % 103"

5.1 470 1.2 %104 470 3.8 x 108"
700 1.6 X108 700 8.0 x 10%°
6.5 x10° 4.2 335 1.3x 10t 320 1.5% 104
6.0%10° . 875 8.0 x 103 700 12x10%
2.0 x 103

& See text for list of compounds- values in parentheses are pKy. ® Wavelength glVBn in nra units and e in M1 cm~1; ¢ values derived as-
summg [rad]cal§ = [QOH], see text ¢ Mixture of OH adduct and cation radical probably present (see text). .

€, Miemx(0™*
€, M lem 0™t

A, nm

Figure 3. Optical spectra of intermediates produced from the reac-
tion of OH radicals with N N-dimethyl-p-phenylenediamine (2 mA) in
aqueous solution, N>O (1 atm): (a} initial intermediate at pH 3.2 (0)
and pH 8.0 (WY, (b) second intermediate at pH 3.2 (O) and pH 8.0
{®). Total dose ~1.5 krads/pulse. Insert shows AOD at 350 nm vs.

pH for cation radical (A).

The spectrum of the PD-* cation radical observed is
quite similar to that observed in ethanol.'? The ¢ values in
the literature for the 460-nm band are, however, higher by -
a factor 23.0. No explanation can be offered at present for
this difference.

The rates of decay of the initial intermediate to form the
second radical are given in Table III. Values of 2.0 X 105
and 6.0 X 10¢ sec™ ! at. pH 3.5 and 9.0 were observed. o

N.N-Dimethyl-p-phenylenediamine (DMPD). With
DMPD (pK, = 2.85), because the molecule is not'symmet-
ri¢ the reaction of OH radicals can produce more than one
isomer. The initial OH adduct spectra at pH 3.2 and 8.0, as
well as the corresponding cation radical spectra, are shown
in Figure 3 and Table II. The spectrum of the DMPD-.*
radical cation is in general agreement with that reported in
the literature.’0 :

The ionization constant of the DMPDH** radical is
~B.1:

DMPDH2+ == DMPD-* + H* pK,~6.1
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" Figure 4. Optical sp

©tion of. OH radicals with. N,N,N",N'tetramethylbenzidine (2 X 1074

. My in‘agueoys solition; N>O (1 atm) at pH 3.5 {O) and pH 9.2 (@).
" Total dose ~1:5 krads/pulse: insert shows AQD at 470 nm vs. pH.

Extinction coefficients may be low {see text).

 Figureé Op_tié:a!.“s';jéc_:tra"o_f'int'é'rririediétes produced from the reac-

“.. . tion of OH radizals with diphenylamine (2 X 107* M) in aqueous so-

" lution, N0 (1:atm)::(a} initial intermediate at pH 3.0 (C) and pH 9.0
(M) (b) second intermiediate at pH 3.0 (O} and pH 9.0 (@). Total dose
o ~1:5 kradsipulse: Insert shows AOD at 340 and 870 nm vs. pH for
|- OH adduct (A} and cation radical (A,A). -Extinction coefficients low
. (s text) O S .

N NNLNL- Tetramethylbenzidine (TMB). The reaction
‘of:OH radicals with- TMB: can’ produce different OH ad-
. duéts which! may-not’all lead to the formation of the
TMB:* tadical cation. Hence the spectrum shown in Figure
-4 may.contain:bands which'do not represent the absorption
‘spectrim’of ' TMB-* The 'main’absorption maximum at
~470 i probably represent TMB-*.'It also agrees with a
recently reportedi! spectrum for this cation radical. The
ESR spectrum has also been examined.! The extinction
coefficients givéir in Table IT may be too low since a frac-
“tion 5f the, OH. radicals do_not oxidize’ TMB to form
IMB-, e e
CUACpK o~ 51 was Dobserved for the dissociation: of
TMBH.2*, sée Figtire 4 and Table L. - © AR
Diphenylamine (DPA).:As discussed above for TMB,
sorme of the OH radicals reacting with diphenylamine (pK,
= 0.79) produce adducts which do not. probably form the
DPA-* cation radical. 00T

The spectra of the.initial and _sééq’n_d. intermediates at
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spectra. of infermediates produced from the reac-
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pH 3.0.and 9.0 are shown in Figure 5 and Table II. The
DPA-* radical cation is reported’® to have bands with max-
ima at 350 and $60-680 nm, in reasonable agreement with
the spectrum shown in Figure 5. The extinction coefficients
given in Table II are considered to be too low since only a
fraction of the OH radicals form DPA-*.

A pK, = 4.2 has been observed for

DPAH2+ =DPA-* + H*

The rates of decay of the initial intermediate to form the
cation radicals are 1.0 X 10% and 2.0 X 10° sec™? at pH 3.0
and 9.0, respectively, see Table IIL.

Conclusions -

The main reaction of OH radicals with aromatic amines
and diamines in water was shown to form initially an OH
radical adduct. These OH adducts have a lifetime of 5-50
usec, dependent on the nature of the amines, the pH of the
experiment, and the buffer concentration. They decay bya
first-order process to generate the corresponding cation
radicals. These cation radicals have acid-base properties
and their jonization constants have been determined. With
some ‘compound, the OH adducts do not appear to form
quantitatively the corresponding cation radicals. Further-
more, due to the similarity in the absorption spectra of the
initial and second intermediates formed in these systemns,
one cannof exclude the possibility of some direct formation
of cation radicals via an electron transfer from the amines
to OH radicals. :

In addition to the well-known oxidation of aromatic
amines and diamines in electrochemistry, photochemistry,
and radiation chemistry, the above results indicate that the
reaction of these compounds with certain free radicals can
also lead to their oxidation.

References and Notes

(1) R. N. Adams, Acc. Chem. Res., 2, 175 (1968} “"Flectrochemistry at
Solid Electrodes’’, Marcel Dekker, New York, N.Y., 1969, ~

{2) "'Organic Electrochemistry”, M. M. Baizer, Ed., Marce! Dekker, MNew
York, N.Y., 1973

{3) See, e.g., G. N. Lewis and D. Lipkin, J. Am. Chem. Soc., 64, 2801
(1942); L. Michaelis, Ann. N.Y. Acad. Sci., 40, BG {1940); W. C. Meyer
and A. C. Abrecht, J. Chem, Phys., 66, 1168 {1963); R. L. Hand and R
E. Nelson, J. Am. Chem. Soc., 98, 850 (1974).

(4) See, e.g., D. W. Skelly and W. H. Hamill, J. Phys. Chem., 70, 1636
{1966); R. V. Rensasson and J. K, Thomas, int. J. Radiat. Phys. Chem.,
1, 185 (1969); “Radicat lons™, E. T. Kaiser and L. Kevan, Ed., Inter-
science, New York, N.Y_, 1968,

{5) M. Simic, P. Neta, and E. Hayon, J. Phys. Chem., 73, 3794 (1969).

{8) J: P. Keene, E. D. Black, and E. Hayon, Rev. Sgi. Instrum,, 40, 1199
(1969). _

(7} M. Anbar, M. Bambenek, and A. B. Ross, Naf. Stand. Ref. Data Ser.,
Nat. Bur. Stand., No, 43 (May 1973},

{8) M. Simic, P. Neta, and E. Hayon, int. J. Radiat. Phys. Chem., 3, jeils}
(1974

{9) A. Wigger, W. Grunbein, A. Henglein, and E. J. Land, Z. Naturforsch. B,
24, 1262 (1962}, N, Getoff and F. Schworer, Int. J. Radiat. Phys. Chem.,
2, 81 (1970). -

" {10} A. Habersbergerova, 1. Janovsky, and P, Kolirim, Radiat. Res. Rev., 4,
123 (1972).
(11) . Wheeter and R. F. Nelson, J. Phys. Chem., 77, 2480 {1973).
(12) 4. M. Frisch and R. N. Adams, J. Chem. Phys., 43, 1887 (1965).




